Three different methods for the measurement of glycated haemoglobin or HbAJ, based on agar gel electrophoresis, ion-exchange and affinity chromatography were compared. All three showed acceptable precision (overall CV being less than 5%) and correlated well with each other (r> 0·945). The ion-exchange and affinity chromatography method proved to be independent of the amount of pre-HhAj, present. The electrophoresis method was independent of temperature in contrast to the other two methods, which shewed a strong and comparable temperature dependency. All three methods were dependent on the haemoglobin concentration and/or protein content of the haemolysate. Both ion-exchange and electrophoresis showed significant interference by changes in haemoglobin concentrations, whereas the protein concentration significantly biased the affinity chromatography figures. Taking into account their specific merits all three methods are acceptable for routine use.
The importance of glycosylated (or glycated as proposed by the Joint Commission on Biochemical Nomenclature') haemoglobin or HhA, in diabetic control is well established.v" The impression it gives of the glucose regulation during several months is a valuable supplement to existing parameters in diabetic control. The interest in glycated haemoglobin or HhA, is reflected by the many methods available since the original Trivelli methcd.f Most of them are based on separation principles like ionexchange, electrophoresis, affinity chromatography, colorimetry and iso-electric focusing, with slight modifications."
All these methods are subject to a number of interfering factors. Among these the codetermination of labile pre-HhAj, and temperature dependency of the analysis are well known.
Recently a modified ion-exchange version determining specifically stabile HbA 1c and an affinity chromatography method (based on Correspondence: W Kortlandt. immobilised boronate) were introduced. These methods were compared with our routine agar gel electrophoresis method giving special attention to the interfering factors.
Materials and methods
Samples were collected in lithium heparin tubes from either insulin-dependent diabetic subjects or non-diabetic hospital employees. They were stored at 4°C up to 3 days. ELECTROPHORESIS Unless stated otherwise, whole blood was pretreated to remove labile HbA I (see pre-HbA j c ) ' Packed cells were lysed in a solution of 0·1 % saponin and 0·05% EDTA in distilled water to a final concentration of 2·4 mM haemoglobin (as measured at 415 nm). Further handling was performed according to the instructions supplied by the manufacturer of the agar-gel plates (Corning Medical) as described previously by Menard." Scanning was performed at 420 nm on a Beckman CDS-2oo gel-scanner in the automatic mode.
AFFINITY CHROMATOGRAPHY
The method has essentially been described previously." 9 Haemolysates were prepared by mixing packed cells with distilled water (1:21 v/v). Minicolumns containing 0·5 mL resin with immobilised boronate (Glycogel B, Pierce Chemical, USA; cat, No. 41000) were placed in a 25°C water-bath and equilibrated with 2 mL wash buffer (0·25 Mammonium acetate, 0·05 M magnesium chloride 0·02% sodium azide, pH 8·0). Fifty microlitres of haemolysate were allowed to soak into the gel and 0·5 mL wash buffer was added followed by 5 mL more. The eluates containing HhA; were combined. Glycated haemoglobin was eluted using 3 mL elution buffer (0,2 Msorbitol, 0·1 MTris, 0·02% sodium azide pH 8·5). Absorbances of the two fractions were measured at 415 nm. The gels were re-used up to five times after regeneration with successively 5 mL 0·1 M and 5 mL 1 mM hydrochloric acid according to the instructions.
ION-EXCHANGE CHROMATOGRAPH
The method recently introduced by Biorad (catalog No. 191-9001), was performed according to the manufacturer's instructions. Whole blood was lysed (1:6 v/v) in a borate buffer pH 4·0 containing 0·33% polyoxyethylene. The Biorex-70 resin in prepacked disposable columns was shaken and allowed to settle in a mini-column holder which was kept at 24 ± 0·2°e. Haemolysates (100 IJ.L) were put on the gel beds and after soaking into the resin 4 mL elution buffer I (0·025 Mphosphate, borate, pH 6·7) was carefully applied to the columns. With 10 mL of elution buffer II (0,06 M phosphate, pH 6,7) HbA Ie was eluted. Total haemoglobin was measured at 415 nm in 10 mL elution buffer II containing 20 IJ.L of the corresponding haemolysate. PRECISION In one blood sample labile HbA 1 was removed as described under pre-HhAj., Three portions of haemolysates were prepared according to the methods used, divided in small portions and stored at -7Q°C. The within-day coefficient of variation (CV) was calculated from duplicate determinations in one assay.!" The betweenday CV was calculated using the means of these duplicate determinations. LINEARITY We tested linearity by mixing samples with high and low HbA I concentrations. The total haemoglobin concentration was kept constant during each experiment.
PRE-HBA\c
The pre-HhAj, or unstable HbA Ie was removed in the following way. Whole blood was washed by diluting one volume into five volumes 0·9% NaCl solution and then the red cells were separated by centrifugation (5 min, 3000 g). Packed cells were resuspended in about 20 volumes 0-9% NaCI and incubated overnight at room temperature. After centrifugation (10 min, 3000 g) packed cells were handled according to the method concerned.
Pre-HhAj, was generated by incubating whole blood diluted (1:6v/v) with saline for4 h at 37°Cat a glucose concentration of about 40 mM. Pre-HbA lc expressed as~HbAI, was measured with the agar gel electrophoresis method from the difference between total HbA 1 and HbA 1 after removal of unstable HbAI' TEMPERATURE The effect of temperature was studied. With the ion-exchange method four samples were measured at 19 and 29°C. Eight samples were measured with the electrophoresis method at temperatures of 4, 20 and 37°C. With the affinity method seven samples were measured at five temperatures between 18 and 30°C.
HAEMOGLOBIN CONCENTRATION
The influence of the haemoglobin concentration was tested by varying the amount of packed cells to the haemolysis reagent. High concentrations of Hb were obtained by the addition of (more) packed cells to the haemolysate; low concentrations were made by dilution with haemolysis reagent.
PROTEIN CONCENTRATION
The effect of protein present in the haemolysate was tested by comparing haemolysates of packed cells only and that of whole blood. The haemoglobin concentration was kept constant by addition of haemolysis reagent. For the electrophoresis method, whole blood was reconstituted by combining packed cells after pre-HhAj, removal with plasma. GLUCOSE Measurements were performed on a Technicnn autoanalyser equipped with a hexokinase-coil.
STATISTICS
Significance was generally tested using the Student's t-test. Linear regression analysis was performed using the least-squares method. Individual regression lines obtained in haemoglobin concentration experiments were tested for significant differences using covariance analysis and then combined. Orthogonal regression was used to correlate the three methods tested.
Results

LINEARITY
Ion exchange was tested between 5 and 14% HbA 1c ; agar electrophoresis between 6 and 18% HbA I and affinity chromatography between 6 and 23% glycated haemoglobin. Each method was tested in three separate runs. All methods showed excellent linearity with mean values resulting in r> 0·999. PRECISION The within-day and between-day CVs for the three methods studied are given in Table 1 . Although the mean values differ substantially the CVs may be compared because the same blood sample, from a diabetic subject, has been used for all three methods. The differences between the mean values correspond to the slopes of the regression lines. CORRELATION The three methods correlate well as can be seen in Fig. 1 . The correlation coefficient between the ion-exchange and agar electrophoresis method was the highest, being 0·97. All three regression coefficients differed significantly from unity. The intercepts are not equal to zero especially when the affinity chromatography method is involved. The regression lines are:
PRE-HBA\c
To test the influence of the labile glycated haemoglobin component (pre-HhAj.) on the methods, several blood samples were incubated with 40 mM glucose. After 4 h incubation, --1
values versus the temperature seem to fit a non-linear relationship. A difference of approximately 0·3% glycated haemoglobin is seen for each degree centigrade, being similar to the ion-exchange methods.
The pH of the buffer in the affinity chromatography proved to be temperature dependent as well. Both the wash buffer and the elution buffer showed a decrease of 0·30 pH unit from 18 to 30 cC.
HAEMOGLOBIN CONCENTRATION
HbA 1c is expressed as a percentage of the total amount of haemoglobin present. This percentage is supposed to be independent of the haemoglobin concentration during analysis. However, with two of the three methods tested this proved not to be true (Fig. 3) . In separate experiments HbA I was measured at different haemoglobin concentrations in the haemolysate. The individual regression lines were combined resulting in the relationships shown in Fig. 3 . The ion-exchange method showed clearly lower HbA l c values at lower haemoglo- analysis by the ion-exchange method showed no significant difference with untreated samples (d %HbA 1c=-0·07 ± 0·33; n=8). The same observation was experienced with the affinity chromatography; no significant difference could be found (d %HbA 1c=0·39 ± 0·89; n=8). The electrophoresis method is known to be dependent on the amount of pre-HhAj, present I I and indeed we found a marked increase in %HbA I of 2·8 ± 0·2 (P<O·01).
In vivo pre-HhAi, is rapidly formed at high glucose concentrations in blood. 12 13 A correlation between the glucose level at the moment of sampling and the pre-HhAj, was found with the electrophoresis method. Pre-HhAj, expressed as d%HbA I (see methods) correlated weakly but significantly with glucose (d %HbA I =0·072 mM glucose + 0·15; r=O'60; P<O·OI). Similar and 29 DC we measured an increase of 0·25 ± 0·15 in the %HbA 1c values per one degree centigrade. Results obtained by electrophoresis were not temperature dependent between 4 and 37 DC. Affinity chromatography is claimed to be insensitive to temperature variations." 14 In our experiments we measured seven samples at temperatures between 18 and 30 DC. 'Plasma is present in the standard procedure.
bin concentrations. A decrease in haemoglobin concentration corresponding to 1 rnrnol/L in the original sample resulted in 0·28 ± 0·04 lower %HbA l c values (P<O·OI). The electrophoresis method also showed this tendency with 0·32 ± 0·19 lower %HbA I values for 1 mrnol/L haemoglobin decrease (P<O·01). The affinity chromatography method showed only slight variations; the glycated hemoglobin tended to be higher at lower haemoglobin concentrations. PROTEIN The haemoglobin dependency could be due to non-specific protein effects. We therefore looked for HbA I values in the presence and absence of plasma (70 g/L protein) at constant haemoglobin concentrations. The results are presented in Table 2 . It is clear that both column methods are influenced by proteins, whereas electrophoresis is not. The effect is most pronounced using the affinity chromatography; the presence of plasma resulted in higher glycated haemoglobin values. Also the ion-exchange shows small but significantly increased values in the presence of plasma.
Discussion
The three methods correlated well but the slope of the regression lines differed significantly from unity. The explanation of this phenomenon must be the glycated haemoglobin actually measured by each method. The ionexchange method measures Hb.Aj., only, resulting in the lowest figures. The agar gel electrophoresis method measures total HbAJ, which includes HbA 1a + h and obviously the figures obtained will be higher. The good linear regression over the entire range indicates the parallel rise of HbA1a+h and HhAj, in diabetics, as shown previously. IS 16 The very high figures using the affinity method can be explained by assuming that all glycated haemoglobins are bound to the gelmatrix. Glucose mainly reacts with the N-terminus of thẽ -chain of haemoglobin resulting in HbAlc-
Recently it was shown that glucose reacts to a lesser degree with other amino sites as well. I? All these glucose reactants together can be called total glycated haemoglobin. The estimation of non-HhAj, glycated haemoglobin is dependent on the method used, it is generally up to 50% of total glycated haemoglobin.P''V The difference between HhAj , and total glycated haemoglobin as measured using the ionexchange and affinity chromatography method is indeed about 50% and is reflected in the slope of the regression line (Fig. Ib) , The intercept between the ion-exchange and electrophoresis method does not differ significantly from zero. However, with the affinity chromatography significant discrepancies were observed, casting some doubt on this method. Indeed Talwar et at.IX showed HbA" in the HbA I fraction eluted with sorbitol, as well as glycated hemoglobin in the Hb.A; fraction. In the absence of HbA I some non-specific binding of HhA, (which we also observed; results not shown) would result in a positive intercept, different from our results as shown. The observed intercept however is in agreement with others.l'' Klenk et at. I Y suggested a non-linear relationship between the affinity chromatography and ion-exchange HPLC. Our recalculated figures only fitted a non-linear relationship between the affinity chromatography and agar electrophoresis but not between affinity chromatography and ion-exchange (recalculated according to Klenk et al.t"; taking multiple point averages in four regions along the regression lines).
The precision of the three methods is acceptable for routine use, the affinity chromatography of Pierce being better than the other two. The within-day CV of the ion-exchange method of Biorad is very good. Biorad supplies calibration samples to correct results obtained at temperatures different from 24°C. These samples might be useful to improve the day-to-day precision. We have not tested this.
The amount of pre-HhAi, is dependent on recent glucose concentrations in blood. As we are interested in long-term glucose homeostasis, co-determination of this component is undesirable. The ion-exchange method tested is not sensitive to interference of pre-HhAj, because of the borate present in the hemolysate and the first elution buffer. Most ion-exchange methods do not differentiate between pre-HhAj, and HbA!. The method tested, measuring HbA l c only, is a useful extension of the chromatography methods. We found no significant interfer-ence of large quantities of pre-HhAj, with the affinity chromatography method. This finding contrasts with others!" IY who did find some interference by the labile component. The discrepancy can be caused by some modifications in buffer, pH, quantities of elution buffer or gel volume but to our opinion is mainly due to the difference in temperature used. We performed the assay at 25°C while others used 20 or 22°C.211 At the higher temperature pre-HbA lc dissociates faster and binding to the gel-matrix might be less tight, resulting in glycated haemoglobin elution free of pre-HbA Ic · With the electrophoresis method labile HbA Ic will be included in the estimation. l !. 21 We used this method to test the influence of the glucose concentration at the moment of sampling on the pre-HhAj, level. In the literature both good'" and poor' I. 23 correlations between these parameters have been reported. We found a weak correlation (r=0'60) between glucose and L1 % HbA I, the picture being very similar to that of Tibi et al. II The correlation between total HbA] and L1%HbA I was nonsignificant (not shown). In our opinion any method in which pre-HhAj, interferes with the HbA] analysis should be extended with a pre-HhAi, removing step.
Agar electrophoresis showed no temperature dependency as expected.v" 25 The modified ion-exchange method tested showed the temperature effect seen with other ionexchange methods. 2 b-2X The affinity chromatography however, also showed a temperature effect (0,3% glycated haemoglobin decrease per°C increase) comparable to ion-exchange methods. We are unable to confirm previous results'': 14 indicating that affinity chromatography was relatively insensitive for changes in temperature. The effect could be a possible result of a pH shift, which we calculated to be -0'025 unit per 0C. This would result in an increase of 1·2% HbA I at an increase of 0·1 pH unit. However Gould et al. ]4 showed a decrease in HbA, at increasing pH. Affinity chromatography therefore should be performed with controlled temperature.
In all three methods differences in results were caused by variations in haemoglobin and/or protein concentration. These effects are less pronounced but should not be overlooked. The haemoglobin concentration is mainly interfering with the ion-exchange and electrophoresis method. Normally physiological variations in the haemoglobin concentration will not give rise to large deviations but careless handling during preparation of the haemolysate can enhance the effect.
In clinical practice the haemoglobin concentration can decrease rapidly several mmol resulting in an artificial decrease of HbA ,. For instance, during pregnancy, a decrease of haemoglobin is frequently observcd.v 2Y This can give rise to lowered HbA I figures. The mean haemoglobin decrease in the third trimester is 1·3 mmol/L which corresponds to 0·4% lower HhAj , figures using the Biorad ionexchange method (Fig. 3) . Indeed several authors observed slightly decreased HbA I values of this magnitude in pregnant compared with non-pregnant non-diabeticsv " (while others did not). 37 These studies all used cationexchange columns which in our hands are strikingly dependent on the haemoglobin concentration. Although some underlying mechanism like a shift to younger erythrocytese' or a suggested lower mean blood glucose." might be responsible. method dependency on haemoglobin concentration can as well cause decreased HbA, figures. The haemoglobin effect using ion-exchange chromatography has been reported.i"
The phenomenon has however not been described for agar electrophoresis. Menard" stated this method was independent of haemoglobin concentration between 12 and 20 giL in fresh specimens. Perhaps the discrepancy with our results can be ascribed to the gelscanner used. Intense HhA, bands give rise to high absorption. High demands are then made on the linearity of the scanner and some negative bias in the high absorption range will result in erroneous high HbA I figures. The affinity chromatography showed a slight increase of glycated haemoglobin values at lower haemoglobin concentration but the effect is too small to be of physiological importance.
Any difference caused by additional plasma protein is not significant using agar electrophoresis. The effect in the ion-exchange method is small but significant. In normal routine handling variations in protein concentrations do not cause important differences; however, one should not use packed cells instead of whole blood for haemolysate preparations. The affinity chromatography is more seriously affected by the protein concentration in the haemolysate. The physiological protein variations are not likely to cause a significant effect; different amounts of protein can however stick to the packed cells during the preparation of haemolysates resulting in up to 0·5% higher values. To overcome this problem we advise washing the erythrocytes with saline before haemolysis.
In conclusion all three methods discussed are useful routine methods in the measurement of HbA!. They all need careful handling starting from the moment of sampling. Each method has its specific disadvantages. The Pierce affinity chromatography measuring total glycated haemoglobin is the easiest and results can be available within an hour. According to our results it is preferable to perform the analysis at a temperature of 25°C. The Biorad ionexchange method for HbA 1c is more laborious but it results in specific HbA 1c values within half a day. The Corning agar gel electrophoresis can also be handled rather easily, although scanning, depending on the equipment, needs special attention. Because it is necessary to remove pre-HhAj, by dialysis, results are not available within one day. The method is less suitable for incidental samples. Processing times are based on eight to ten samples.
In making a choice the requested information (% HbA 1c , HbA! or total glycated haemoglobin) will be important. Another practical point refers to the costs involved: based on kit prices the reagent costs per sample are (Dutch guilders) Pierce fl 3·05, Corning fl 6·20 and Biorad fl 6·85 when the kits are optimally used. Additional expense might be a high-quality gelscanner, a power supply or a thermostated rack device.
